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Abstract 
Glaucoma is one of the leading causes of irreversible blindness. The change in intraocular pressure (IOP) inside the 
anterior chamber of the eye beyond its normal limit leads to this condition which initially affects the peripheral vision and if left 
untreated, results in permanent blindness. Early detection of elevation in IOP helps to slow down the disease progress. Thus a 
highly precise, cost effective, miniaturized pressure sensor is an important need for sensing the IOP. In the present work, the 
piezoresistivity of Single Walled Carbon Nano Tubes (SWCNT) is exploited to design a diaphragm based Nano-Electro-
Mechanical Systems (NEMS) pressure sensor. Finite Element Method simulation is then performed to find the change in resistance 
ofthe piezoresistive material. This change in resistance results a change in output voltage corresponding to the pressure applied, 
which can be measured by an interfacing circuitry consisting of a low voltage amplifier andlow power-high speed Analog to Digital 
Converter (ADC). The resultant pressure sensor response is found to be highly linear and its sensitivity can be increased by 
changing diaphragm dimensions. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of RAEREST 2016. 
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1. Introduction 
Intraocular pressure is caused from the ocular fluid called as ‘aqueous humor’ inside the anterior chamber of the eye. 
The ocular fluid is formed at the posterior chamber and enters the anterior chamber through pupillary opening. The 
major part of the fluid is then drain out through episcleral veinsvia Schlemm’s canal and the remaining through 
uveoscleral route[1].The variation in the inflow or outflow of this fluid will have large influence on IOP. A block or 
obstruction to the fluid flow causes an accumulation of ocular fluid and leads to rise in IOP. The normal range of IOP 
for a human eye is 12 to 22 mmHg [1]. Hyper intraocular pressure is the major reason for Glaucoma, which has no 
other symptoms or warnings. As the disease progress, itinitially affects the peripheral vision and if left untreated, 
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results in permanent blindness. Early detection of elevation in IOP helps to control the disease progress. Thus a highly 
precise, cost effective, bio-implantable pressure sensor is an important need for sensing IOP. 
The miniaturization of Micro-Electro-Mechanical Systems (MEMS) sensors to NEMS sensors ensured better 
performance and lower cost. Therefore it gained popularity in biomedical field for pressure measurements like 
intraocular pressure, intra-cranial pressure, intra-uterine pressure, arterial blood pressure monitoring etc. In biomedical 
pressure sensing applications, size of the measuring device is a substantial consideration. The demand for nano size 
and low cost pressure sensors is increasing with technological advancement and thus MEMS are being replaced with 
NEMS. However all the sensors that have been used so far suffer from draw backs such as low sensitivity, small 
operating range, high fabrication complexity, complex structure and large size. Thus there is a strong need for 
modeling a pressure sensor which is biocompatible and shows high sensitivity. 
 
Fig.1. Block diagram of intraocular pressure sensing system 
The prime objective of the present work is to design and model a highly sensitive, nano-sized, bio-
implantable pressure sensing system for continuous IOP monitoring and optimize its performance. The work includes 
modeling a square shaped diaphragm based piezoresistive pressure sensor using SWCNT, its finite element analysis 
and design of its interfacing circuitry as shown in Fig.1. 
2. Previous Works 
The three main principles behind the IOP measurement are Palpation, Manometry and Tonometry. Palpation 
is an old technique which calculates IOP by pressing index finger against the cornea of the eye. This technique is 
unreliable and inaccurate [2]. Manometry is an invasive technique that requires continuous monitoring of IOP during 
intraocular surgeries. The widely used pressure sensing technique for IOP is the Goldmann tonometer [1], which is 
based on Pascal’s principle. But this method has several disadvantages. The important one of them is that the help of 
an ophthalmologist is needed for the successful measurement of IOP using Tonometer. The head of the tonometer 
must come into contact with the cornea which makes the patient more uncomfortable. In order to prevent the reflexes 
during measurement, anesthesia must be provided to numb the eye. 
Since IOP varies significantly throughout the day, its continuous monitoring is critical for attaining accurate 
measurements. Implantable sensors should not obstruct the visual path and easy movement of the eye, as the implant 
placement may damage peripheral tissue[3]. Even though it is an area under research, certain proposals have been 
developed for the continuous Glaucoma IOP monitoring.Po-Jui Chenet al. [4] suggested a wireless implant-based 
pressure sensing paradigm using LC resonator for long-range continuous intraocular pressure (IOP) monitoring. The 
constant requirement of a nearby data acquisition unit limits its functionality. Eric Y. Chow et al. [5] proposed a 
MEMS based Implantable RF-Wireless Active Glaucoma IOP Monitor. The MEMS sensor captures the pressure data 
and this data can be transmitted out directly to an external device or stored into an on-chip memory. 
The present work further optimizes the sensor size from micrometer to nanometer range. Piezoresistive 
pressure sensors are the simple successful sensors, and are widely used in industries. Semiconductors like Germanium 
and Silicon, doped semiconductors like p-silicon and n-silicon and various metals are the commonly used as 
piezoresistive materials. But CNTs [6] have good piezoresistive coefficients, electrical and thermal conductivity 
compared to other materials, nano-range diameter and aspect ratio [6]. Thus CNTs find wide application in 
piezoresistive type sensors such as pressure sensors, biological sensors, and microelectronic devices due to its 
significant electromechanical properties.  
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The existing sensing technologies for pressure sensors are capacitive, piezo-electric and piezoresistive types. 
Capacitive type pressure sensor [7] uses a diaphragm and pressure cavity to create a variable capacitor to detect the 
strain due to applied pressure. But non-linearity, low sensitivity and excessive signal loss from the parasitic 
capacitance degrade its performance [8]. The basic principle of piezo-electric pressure sensor is the crystal re-
orientation under stress and subsequent internal polarization which results in the generation of charge on the crystal 
face that is proportional to the applied stress. The main disadvantages of this are high impedance, stray voltages in the 
connecting wire and cracking of the crystal if it is overstressed. 
 
Piezoresistive pressure sensor [9] works on a fact that the resistance of the sensing material changes with 
respect to the change in the applied pressure. This change in resistance results in the change in output voltage 
corresponding to the pressure applied. Amongst the existing technologies, this type has the advantage [10] of having 
high reliability, linearity, sensitivity and ease of fabrication. 
 
S.H.Abdul Rahman et al. [11]proposed the development of a high performance diaphragm pressure sensor 
and discussed its dependence on the shape and thickness of the diaphragm. Reducing the diaphragm thickness and 
maximizing the load deflection responses yields to better performance. The shapes that are used for modeling of the 
diaphragm are square[12], rectangle and circle.  Lekshmi S Lal et.al [13] suggested that amongst the three diaphragm 
shapes, the square diaphragm provides optimal performance. It is a suitable model for fabrication and also provides 
high induced stress values [13], good displacement [14], high sensitivity [10] and linear output response [10]. 
 
3. Theory &Analysis of Pressure Sensor 
 This section consists of analysis of Single Walled Carbon Nano Tube (SWCNT) and diaphragm based 
pressure sensor. 
3.1 Analysis of SWCNT  
 SWNTs[15] are nanometer-diameter cylinders consisting of a single graphene sheet wrapped up to form a 
tube. Most SWNTs have a diameter close to 1 nanometer, and can be many millions of times longer. The basic 
parameters related to SWCNT is shown in Table 1. 
  Table 1. Parameters of SWCNT [16] 
Parameter Symbol Value Unit  
Chiral index (n,m) (43,0) - 
Diameter  d 3.2 nm 
Thickness of  tube x1 0.2 nm 
Chiral angle  θ 0 degree 
CNT family  p +1 - 
Transmission probability |t| 0.5 1 
The strain dependent band gap of ideal SWCNT is expressed as [15], 
0 g
g g
dE
E E
d
HH    (1) 
where, 
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where, ε is applied strain, γ is hopping integral (~2.6eV) and ɑ0 is graphene lattice unit vector length (~2.49A0). 
 
The strain dependent band gap energy can be calculated from (1), (2) and (3). 
 
The resistance of CNT for a given strain is expressed as, 
 
                 (4) 
 
where,h is Plank’s constant, e is electronic charge and T is absolute temperature. 
 
 The absolute resistance R0 of CNT is obtained when strain is equal to zero. The change in resistance is 
obtained by calculating the ratio ΔR/R0.The piezoresistance of SWCNT is evaluated using strain dependent band gap 
equations in MATLAB solver and the Finite Element Method (FEM) analysis is done in COMSOL Multiphysics tool. 
The various properties of SWCNT is shown in Table 2. 
 
Table 2. Properties of SWCNT [17]  
Parameter Symbol Value Unit  
Young’s modulus ECNT 1000 GPa 
Poisson’s ratio vCNT 0.2 1 
Relative permittivity ϵr 237.4 1 
Density ρ 2100 Kg/m3 
Electrical conductivity σ 150 S/m 
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 SWCNT is modelled as a 3D continuum shell having a radius of 1.6 nm, thickness 0.2nm, and length 10 nm. 
The structure is divided into subparts for FEM analysis. An axial strain of 109 N/m2 is applied along x-axis and force 
in y and z direction is zero. All the initial conditions are properly assigned and resultant deflection in the tube is as 
shown in Fig.2. (b). 
 
 
Fig. 2. (a) Meshed model of SWCNT; (b) Total displacement due to applied strain of 109 N/m2 along x-axis and force in y and z direction is zero 
 
 
3.2 Analysis of Pressure Sensor 
The pressure sensor is made up of a SWCNT placed at the center of a thin square shaped silicon dioxide 
diaphragm of side length 200nm and thickness 10nm. The SWCNT is a piezoresistive element and its resistance 
changes with the pressure applied on the square diaphragm. A pressure of 22mmHg is applied at the bottom of square 
diaphragm in z-direction and all the initial conditions are assigned. The maximum displacement obtained at the center 
of the diaphragm is given by (5), 
 
                  (5) 
whereP is applied pressure, L is side length, E is young’s modulus of SiO2 and x2 is thickness of the diaphragm. 
 
 The total displacement in a diaphragm due to the applied pressure is shown in Fig.3. (b).The strain at the 
centre of the diaphragm is shown in Fig. 4. By using the value of strain obtained from simulation and the equations 
(2),(3),(4), the resistance of SWCNT due to applied pressure and thereby the ratio of change in resistance of SWCNT, 
ΔR/R0 can be calculated. Since the normal range of intraocular pressure is 12 to 22 mmHg, we need to find the change 
in resistance of SWCNT by varying the applied pressure from 10 to 24 mmHg. 
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Fig. 3. (a) Meshed model of pressure sensor; (b) Total displacement 
due to applied pressure of 22 mmHg at the bottom of diaphragm in z 
direction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Surface strain due to applied pressure of 22mmHg at the bottom of the diaphragm 
 
The plot shown in Fig.5. (a) is the change in resistance of SWCNT for different values of applied pressure. 
It shows that the resistance of SWCNT changes linearly with applied pressure. The change in resistance with different 
diaphragm thickness for a given pressure of 22mmHg is plotted in Fig.5.(b) It is observed that the resistance of 
SWCNT decreases with increase in diaphragm thickness. 
 
Fig. 5. (a) Change in resistance of SWCNT v/s applied pressure (fora given diaphragm thickness of 10nm);(b) Change in resistance of SWCNT v/s 
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diaphragm thickness (for a given pressure of 22mmHg) 
 
A power efficient current mirror circuit can be used to convert this small change in resistance to appreciable 
change in voltage and a low power-high speed analog to digital converter can be used to digitalize the output signal. 
Thus an efficient NEMS based pressure sensing system for intraocular pressure sensing can be implemented.  
4. Conclusions 
The diaphragm based piezoresistive pressure sensor is efficient for sensing IOP because of its high sensitivity, nano 
size and low cost. The output response of the sensor is highly linear even in large pressure variation and this property 
ensures accurate monitoring of IOP. The sensitivity of the sensor can be increased by reducing the diaphragm 
thickness. The size of the sensor plays an important role when it comes to the purpose of implantation. So the proposed 
nano sized sensor design can be used to develop an easily implantable sensor with necessary instrumentation to 
transmit collected data to an intended receiver.Therefore the periodic monitoring of intraocular rpressure can be 
achieved and data can be sent to a healthcare center with the help of an attached wireless transmitter. This timely 
monitoring could avoid the risk of Glaucoma condition. Thus the periodic monitoring of intraocular pressure can be 
achieved. A similar sensor design can be extended to monitor the intra-cranial pressure which is crucial for the 
treatment of head injuries and the detection of Epilepsy. 
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